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ABSTRACT
We present analysis of bulk and random gas motions in the intracluster medium using high-resolution Eule-
rian cosmological simulations of sixteen simulated clusters, including both very relaxed and unrelaxed systems
and spanning a virial mass range of 5× 1013 − 2× 1015 h−1 M⊙. We investigate effects of the residual subsonic
gas motions on the hydrostatic estimates of mass profiles and concentrations of galaxy clusters. In agreement
with previous studies we find that the gas motions contribute up to ≈ 5% − 15% of the total pressure support
in relaxed clusters with contribution increasing with cluster-centric radius. The fractional pressure support is
higher in unrelaxed systems. This contribution would not be accounted for in hydrostatic estimates of the total
mass profile and would lead to systematic underestimate of mass. We demonstrate that total mass can be recov-
ered accurately if pressure due to gas motions measured in simulations is explicitly taken into account in the
equation of hydrostatic equilibrium. Given that the underestimate of mass is increasing at larger radii, where
gas is less relaxed and contribution of gas motions to pressure is larger, the total density profile derived from
hydrostatic analysis is more concentrated than the true profile. This may at least partially explain some high
values of concentrations of clusters estimated from hydrostatic analysis of X-ray data.
Subject headings: cosmology: theory–clusters: formation– methods: numerical
1. INTRODUCTION
Clusters of galaxies are powerful cosmological probes and
have the potential to constrain properties of dark energy
and its evolution (e.g., Henry & Arnaud 1991; Holder et al.
2001; Majumdar & Mohr 2003; Hu 2003; Albrecht et al.
2006; Vikhlinin et al. 2009b). Most of the cosmological ap-
plications using clusters rely on the estimates of their total
virial mass — a quantity which is difficult to measure ac-
curately in observations. Traditionally, the masses are esti-
mated using observable X-ray properties of the intracluster
plasma using spectroscopic X-ray temperature or luminos-
ity (e.g., Rosati et al. 2002, for a review) or velocity disper-
sion of cluster galaxies. More recently, mass estimates via
strong lensing (Smith et al. 2005), weak lensing (e.g., Dahle
2006; Mahdavi et al. 2008; Zhang et al. 2008), combined
strong and weak lensing (Bradacˇ et al. 2006; Limousin et al.
2007; Oguri et al. 2009), and Sunyaev-Zel’dovich effect (e.g.,
Carlstrom et al. 2002, for a recent review) have become avail-
able.
One of the most widely used methods for measuring clus-
ter masses utilizes gas density and temperature profiles of the
intracluster medium (ICM) derived from X-ray observations
to solve the equation of hydrostatic equilibrium (HSE) for the
total mass profile under assumptions of spherical symmetry
and equilibrium (e.g., Sarazin 1986; Evrard et al. 1996). With
the advent of high-resolution observations from the Chandra
and XMM-Newton satellites, which allowed measurements
of the density and temperature profiles to large radii, it be-
came possible to use this method without simplifying assump-
tions of isothermality and β-model for gas distribution (e.g.,
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Vikhlinin et al. 2006).
Recent tests using cosmological simulations of clusters
have shown that with resolved profiles and with reliable sub-
traction of the X-ray background, the HSE method can de-
rive masses of relaxed clusters with an accuracy of better
than ≈ 10% − 20% (Rasia et al. 2006; Nagai et al. 2007b).
At the same time, simulations uniformly show the presence
of ubiquitous subsonic flows of gas even in very relaxed
clusters (Evrard 1990; Norman & Bryan 1999; Nagai et al.
2003; Rasia et al. 2004; Kay et al. 2004; Faltenbacher et al.
2005; Dolag et al. 2005; Rasia et al. 2006; Nagai et al.
2007b; Piffaretti & Valdarnini 2008; Jeltema et al. 2008;
Iapichino & Niemeyer 2008; Ameglio et al. 2009).
Such gas motions are thought to be driven by continuing
accretion of gas onto clusters along filaments, mergers and
supersonic motions of galaxies through the ICM. Shocks can
leave behind wakes with sizes comparable to the length scale
of the cluster. Energy of the large-scale eddies in the flow
can cascade down to smaller scales. Gas motions on smaller
scales can also be driven directly by motions of groups and
galaxies (Kim 2007) and by jets and bubbles from the active
galactic nuclei (AGN, Churazov et al. 2002), although the lat-
ter may not be as important energetically as mergers in con-
tributing to gas motions and their contribution may be con-
fined to the inner regions of clusters.
Given that only thermal pressure is taken into account in the
HSE analysis, presence of random gas motions (or any other
non-thermal pressure component) can contribute to the pres-
sure support in clusters and bias HSE measurements of the
total mass profiles (Evrard 1990). Analyses of simulated clus-
ters show that up to ≈ 10% − 20% of pressure support comes
from subsonic random gas motions of gas (Rasia et al. 2004;
Faltenbacher et al. 2005; Rasia et al. 2006). A recent compar-
ison of mass from weak lensing and X-ray HSE mass mea-
surements by Mahdavi et al. (2008) shows that the HSE mass
is biased low by 20% compared to lensing measurement sug-
gesting that a non-hydrostatic component in the gas pressure
gradient (see, however, Zhang et al. 2008).
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Random gas motions can alter the structure of the ICM
through the redistribution of energy from the decay of large-
scale gas flows with a time scale on the order of a few turnover
time of major mergers. In particular, it can also be responsi-
ble for dispersing metals from the ICM core, where the abun-
dance profile is broader than the central galaxy brightness
profile (Rebusco et al. 2005) and more generally in mixing
gas of different metallicity and entropy (Wadsley et al. 2008;
Mitchell et al. 2008). Incomplete thermalization of gas mo-
tions results in lower ICM temperatures for clusters of a given
mass, which can contribute to the bias and scatter in the clus-
ter mass-temperature relation. Viscous dissipation of gas mo-
tions can lead to secular heating of the ICM. Random gas mo-
tions can also maintain and amplify cluster magnetic fields via
dynamo processes (Roettiger et al. 1999; Subramanian et al.
2006) and contribute to the acceleration of cosmic rays in the
ICM (e.g., Brunetti & Lazarian 2007). It is therefore impor-
tant to understand gas flows in the ICM in order to understand
both thermal and non-thermal processes in the ICM.
Direct measurements of gas velocities via X-ray spec-
troscopy (Inogamov & Sunyaev 2003) are challenging with
the current X-ray instruments, but there are indirect indica-
tions that residual gas motions are indeed present in the ICM
of observed clusters. In particular, Schuecker et al. (2004) use
the Fourier analysis of fluctuations in the projected gas pres-
sure map of the Coma Cluster measured with XMM-Newton
and find a Kolmogorov-like spectrum. Given that the prop-
erties of gas motions and the Reynolds number of the ICM
in observed clusters are poorly known, cosmological simula-
tions of cluster formation remain the best tool for studying
properties of gas motions and evaluating their possible effect
on observable properties of clusters.
In this paper we focus on quantifying the contribution of
random gas motions to pressure support in clusters and the
corresponding bias in the HSE estimates of total mass pro-
file using a suite of high-resolution cosmological simulations
of cluster formation. Our simulations properly treat both col-
lisionless dynamics of dark matter and stars and gasdynam-
ics in a self-consistent cosmological setting and capture a
variety of physical phenomena from the nonlinear collapse
and merging of dark matter to shock-heating and radiative
cooling of gas, star formation, chemical enrichment of the
ICM by supernova and energy feedback. These simulations
should therefore faithfully capture the dynamical processes
driving ICM motions and can give us useful insights into its
expected effects. Although a number of recent studies have
examined random gas motions and their effect on mass es-
timate (Rasia et al. 2004; Kay et al. 2004; Dolag et al. 2005;
Rasia et al. 2006), most of the studies have used simulations
with SPH gasdynamics. The magnitude and effects of gas mo-
tions in such simulations depends on the specific treatment of
artificial viscosity (Dolag et al. 2005). Our study, which em-
ploys simulations with Eulerian gasdynamics with very low
numerical viscosity, is therefore useful in evaluating possible
differences between numerical techniques and systematic the-
oretical uncertainties.
In agreement with previous studies, we find that gas mo-
tions contribute up to & 5 − 15% of the pressure support and
leads to bias in the HSE mass measurement of a similar mag-
nitude. This pressure contribution and mass bias increase with
cluster-centric radius and for unrelaxed systems. The increas-
ing underestimate of mass at larger radii results in derived
total density profile that is more concentrated than the true
profile in the simulation. This leads to an overestimate of
concentrations by 20% when the derived profiles are fit with
the NFW profile (Navarro et al. 1996). This can at least par-
tially explain high concentrations found in some recent ob-
servational studies (Maughan et al. 2007; Buote et al. 2007).
We also demonstrate that total mass and density profiles can
be recovered accurately if random gas pressure is explicitly
taken into account.
The paper is organized as follows. In § 2 we present and
describe our simulation sample of clusters. In Section 3 we
analyze the velocity structure of gas and dark matter in the
simulated clusters, and give the results of the relative fractions
of random gas pressure and its gradient, and the expected bias
in hydrostatic cluster mass estimation. In Section 4 we sum-
marize and discuss our findings.
2. THE SIMULATIONS
In this study, we analyze high-resolution cosmological sim-
ulations of 16 cluster-sized systems in the flat ΛCDM model:
Ωm = 1 −ΩΛ = 0.3, Ωb = 0.04286, h = 0.7 and σ8 = 0.9, where
the Hubble constant is defined as 100h km s−1 Mpc−1, and
an σ8 is the power spectrum normalization on an 8h−1 Mpc
scale. The simulations were done with the Adaptive Refine-
ment Tree (ART) N-body+gasdynamics code (Kravtsov 1999;
Kravtsov et al. 2002), a Eulerian code that uses adaptive re-
finement in space and time, and (non-adaptive) refinement in
mass (Klypin et al. 2001) to reach the high dynamic range
required to resolve cores of halos formed in self-consistent
cosmological simulations. The simulations presented here
are discussed in detail in Nagai et al. (2007b) and Nagai et al.
(2007a) and we refer the reader to these papers for more de-
tails. Here we summarize the main parameters of the simula-
tions.
High-resolution simulations were run using a uniform 1283
grid and 8 levels of mesh refinement in the computational
boxes of 120h−1 Mpc for CL101–107 and 80h−1 Mpc for
CL3–24 (see Table 1). These simulations achieve a dynamic
range of 32768 and a formal peak resolution of≈ 3.66h−1 kpc
and 2.44h−1 kpc, corresponding to the actual resolution of
≈ 7h−1 kpc and 5h−1 kpc for the 120 and 80h−1 Mpc boxes,
respectively. Only the region of ∼ 3 − 10h−1 Mpc around the
cluster was adaptively refined, the rest of the volume was fol-
lowed on the uniform 1283 grid. The mass resolution, mpart,
corresponds to the effective 5123 particles in the entire box,
or the Nyquist wavelength of λNy = 0.469h−1 and 0.312h−1
comoving Mpc for CL101–107 and CL3–24, respectively, or
0.018h−1 and 0.006h−1 Mpc in the physical units at the ini-
tial redshift of the simulations. The dark matter (DM) particle
mass in the region around the cluster was 9.1×108 h−1 M⊙ for
CL101–107 and 2.7×108 h−1 M⊙ for CL3–24, while other re-
gions were simulated with lower mass resolution.
To gauge the possible effects of resolution on our results,
we have used re-simulations of one of the clusters (CL6) with
varying maximum refinement levels from 6 to 9 (correspond-
ing to difference in peak resolution of a factor of 8).
The N−body+gasdynamics cluster simulations used in this
analysis include collisionless dynamics of DM and stars, gas-
dynamics and several physical processes critical to various as-
pects of galaxy formation: star formation, metal enrichment
and thermal feedback due to supernovae Type II and Type Ia,
self-consistent advection of metals, metallicity dependent ra-
diative cooling and UV heating due to cosmological ionizing
background (Haardt & Madau 1996). The cooling and heat-
ing rates take into account Compton heating and cooling of
plasma, UV heating, and atomic and molecular cooling, and
3TABLE 1
PROPERTIES OF THE SIMULATED CLUSTERS AT z = 0.
Cluster ID M500c r500c v500c relaxed (1)
(1014 h−1M⊙) (h−1 Mpc) (km s−1) unrelaxed (0)
CL101 . . . . . . 9.02 1.16 1830 0
CL102 . . . . . . 5.45 0.98 1547 0
CL103 . . . . . . 5.70 0.99 1571 0
CL104 . . . . . . 5.40 0.98 1543 1
CL105 . . . . . . 4.86 0.94 1489 0
CL106 . . . . . . 3.47 0.84 1332 0
CL107 . . . . . . 2.57 0.76 1205 0
CL3 . . . . . . . . 2.09 0.71 1125 1
CL5 . . . . . . . . 1.31 0.61 964 1
CL6 . . . . . . . . 1.68 0.66 1046 0
CL7 . . . . . . . . 1.42 0.63 989 1
CL9 . . . . . . . . 0.83 0.52 826 0
CL10 . . . . . . . 0.67 0.49 770 1
CL11 . . . . . . . 0.90 0.54 847 0
CL14 . . . . . . . 0.77 0.51 806 1
CL24 . . . . . . . 0.35 0.39 619 0
are tabulated for the temperature range 102 < T < 109 K and
a grid of metallicities, and UV intensities using the Cloudy
code (ver. 96b4; Ferland et al. 1998). The Cloudy cooling
and heating rates take into account metallicity of the gas,
which is calculated self-consistently in the simulation, so that
the local cooling rates depend on the local metallicity of the
gas. Star formation in these simulations was done using
the observationally-motivated recipe (e.g., Kennicutt 1998):
ρ˙∗ = ρ
1.5
gas/t∗, with t∗ = 4×109 yrs. The code also accounts for
the stellar feedback on the surrounding gas, including injec-
tion of energy and heavy elements (metals) via stellar winds,
supernovae, and secular mass loss.
These simulations therefore follow the formation of galaxy
clusters starting from the well-defined cosmological initial
conditions and capture the dynamics and properties of the
ICM in a realistic cosmological context. However, some po-
tentially relevant physical processes, such as AGN bubbles,
magnetic field, and cosmic rays, are not included. Therefore,
the simulated ICM properties are probably not fully realis-
tic in the innermost cluster regions, where these processes
are likely important. Moreover, the gas in the simulations
is treated as an ideal inviscid fluid with a small amount of
numerical Lapidus viscosity,5 and it remains unclear to what
extent the level of motions in the ICM found in the simula-
tions and discussed below applies to real clusters. Despite
these limitations, the current simulations reproduce the ob-
served ICM profiles outside cluster cores (Nagai et al. 2007a)
and are therefore sufficiently realistic for a purpose of the cur-
rent study.
Our simulated sample includes 16 clusters at z = 0 and their
most massive progenitors at z = 0.6. The properties of simu-
lated clusters at z = 0 are given in Table 1. The total cluster
masses are reported at the radius r500c enclosing overdensities
with respect to the critical density at the redshift of the output
(below, we also use a higher overdensity level, 2500). The
corresponding velocity
v500c ≡
√
GM(< r500c)
r500c
(1)
is the circular velocity at r500c.
5 This term is much smaller than the usual artificial viscosity term em-
ployed in the SPH simulations and is not important dynamically.
FIG. 1.— Profiles of the ICM mean radial and tangential velocity, radial
velocity and tangential velocity dispersion, the anisotropy parameter β, and
ratio of the 1D velocity dispersion to the sound speed of gas (Mach num-
ber). The solid lines represents relaxed clusters and dashed lines represents
unrelaxed clusters.
The gas motions and mass measurement biases are expected
to depend on the dynamical state of clusters. We therefore
consider dynamically relaxed and non-relaxed clusters sepa-
rately in this work. Following Nagai et al. (2007b), our re-
laxed subsample is identified based on the overall structural
morphology of their Chandra images, mimicking the proce-
dure used by observers. Specifically, we visually examine
mock 100 ksec images and identify “relaxed” clusters as those
with regular X-ray morphology and no secondary maximal
and minimal deviations from elliptical symmetry. By con-
trast, “unrelaxed” clusters are those with secondary maxima,
filamentary X-ray structures, or significant isophotal centroid
shifts (see Figure 1 of Nagai et al. (2007b) for the typical ex-
amples of systems classified as relaxed or unrelaxed).
In order to assess the effects of gas cooling and star for-
mation, we also repeated each cluster simulation with only
the standard gasdynamics for the baryonic component with-
out radiative cooling and star formation. We will use labels
’cooling+SF’ (CSF) and ’non-radiative’ (NR) to refer to these
two sets of runs, respectively. Our main analyses are based on
the CSF runs. We present results of the NR runs only in the
Section 4 and Fig. 9 and 10.
3. RESULTS
3.1. Velocity Profiles
Following Faltenbacher et al. (2005) we analyze the veloc-
ity profiles of ICM for the sample of 16 simulated clusters at
z = 0. Our definition of the cluster center differs from that
of Faltenbacher et al. (2005): we use the location of the par-
ticle with the largest local matter density. The mean veloci-
ties in spherical coordinates (v¯r,v¯θ,v¯φ) on each radial shell are
computed as mass-averages of gas velocities randomly sam-
pled on the shell where we take the rest frame of the shell to
be the peculiar velocity of the cluster (defined as the mass-
weighted average of DM particle velocities enclosed within
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r500c). Changing the rest frame to that of the gas shell does not
introduce significant changes to our analyses. We also rotate
the gas shell such that the z-axis of the shell is aligned with the
gas angular momentum vector of the shell. We quantify the
random gas motion using the trace of the velocity dispersion
tensor (Binney & Tremaine 2008):
σ2i j = viv j − v¯i v¯ j (2)
where i, j represent the spatial coordinate indices and the over-
line denotes mass-average over the gas shell. Throughout this
paper, we take random gas motions to be synonymous with
random gas motions.
While we find no significant variation in the velocity pro-
files with cluster mass, the gas velocity structure between the
relaxed sample and the unrelaxed sample are different. In the
top panels of Figure 1 we show the profiles of mean gas ra-
dial velocity (v¯r) and the mean gas rotational (tangential) ve-
locity v¯t . For both relaxed and unrelaxed samples, the mean
radial velocity is negative and small (|v¯r| < 0.05v500c) up to
r500c. Beyond this radius, the radial velocities become increas-
ingly more negative with radius, indicating the radial infall of
gas into the cluster potential. The mean rotational velocity
is small (∼ 0.2v500c at r = 0.5r500c) but a bit larger than the
mean radial velocity, and decreases with radius for both re-
laxed and unrelaxed samples. The middle panels of Figure 1
show the random motions of the radial and rotational com-
ponents. Random motions in the unrelaxed sample is in gen-
eral higher overall than the relaxed sample in both velocity
components. Radial random motion increases with radius for
both samples, and the relaxed sample rises more steeply than
the unrelaxed one. Rotational random motions also increases
with radius but less rapidly that they are approximately con-
stant over the radial range shown. Also notice that the random
motions in both radial and tangential components are about 10
times higher than their mean counterparts.
For both samples the internal gas flow remains subsonic
throughout the clusters, but the Mach number M † of the
flow increases with radius. Shown in the bottom-right panel
of Fig. 1, for unrelaxed clusters the Mach number increases
from M∼ 0.3 at r = 0.4r500c to 0.5 at r500c and ∼ 0.65 at
2r500c. The Mach number for relaxed clusters is in general
low compared to the unrelaxed clusters, and it increases from
M∼ 0.15 at r = 0.3r500c to ∼ 0.4 and 0.55 at r = r500c and
2r500c, respectively.
Some level of anisotropy is expected in reality. It is
therefore important to examine the radial component and its
tangential component of the 3D velocity dispersion. The
anisotropy parameter β (Binney & Tremaine 2008)
β(r) = 1 − σ
2
t (r)
2σ2r (r)
. (3)
provides a useful measure of the relative importance of the
radial and tangential velocity components. There is a signifi-
cant difference in gas velocity anisotropy between the relaxed
and unrelaxed sample. In relaxed clusters, near the core of
the cluster the gas velocity is slightly more tangential, with
β ≈ −0.8 at r ≈ 0.2r500c. The gas velocity becomes increas-
ingly radial as one goes further away from the cluster center,
with β rising to nearly zero at r500c. Unrelaxed clusters, on
† The Mach number M of the flow is given by the ratio of the one-
dimensional gas velocity dispersion (σ1D =
q
(σ2r +σ2t )/3) to the sound speed
of gas (csound =
p
γPther/ρgas).
FIG. 2.— Top: Ratio of pressure from random gas motions to total pres-
sure as a function of radius. Relaxed clusters are represented by solid lines
while unrelaxed clusters are represented by dashed lines. Bottom: Ratio of
pressure from random gas motions gradient to total pressure gradient for the
16 clusters. Relaxed clusters are represented by solid lines while unrelaxed
clusters are represented by dashed lines.
the other hand, exhibit isotropic gas velocity at small radii
and slowly becoming more mildly radial as radius increases.
3.2. Pressure From Random Gas Motions in Clusters
To gauge the relative importance of pressure support from
random gas motions in clusters, we measure the ratio of the
isotropic pressure from random gas motions Prand, given by
Prand =
1
3ρgas
(
σ2r +σ
2
t
)
, (4)
to the total pressure, Ptot ≡ Pth + Prand, as a function of the
cluster-centric radius for all 16 clusters, where Pth is the ther-
mal pressure of gas. Note that random gas pressure and its
gradient is sensitive to small-scale clumps and any pressure
inhomogeneity, and these sources could potentially bias the
measurements of the pressure gradient and hence the hydro-
static mass estimate. To minimize such bias, we remove
subhaloes with mass greater than 1012 h−1M⊙ and the mass
within their tidal radius from the calculation. Lowering this
mass threshold further to 109 h−1M⊙ (which excludes all
subhaloes) or increasing the radius around subhaloes within
which material is removed produces no differences in our re-
sults. In addition, we smooth the pressure and pressure gradi-
ent profiles using a Savitzky-Golay (SG) filter with a smooth-
ing scale l = 0.95r where r is the distance from the cluster
center and second order polynomial interpolation (Press et al.
1992). The choice of l and the polynomial order was a re-
5sult of experimentation and allows to reduce the noise in the
profiles without oversmoothing them.
In the upper panel of Figure 2, we plot the fraction of the
pressure from random gas motions to the total pressure as a
function of radius for each individual cluster. For both re-
laxed and unrelaxed samples, pressure from random gas mo-
tions fraction increases with radius for r > 0.5r500c. For re-
laxed clusters, the pressure from random gas motions fraction
spans a range from 6% to 15% at r500c. Unrelaxed systems,
on the other hand, exhibit a greater pressure from random gas
motions fraction on average, and with larger scatter ranging
from 9% to 24% at r500c. (See also Figure 3.)
The stability of the ICM in the cluster potential is provided
by the gradient of the gas pressure, and it is this gradient that
is directly relevant to the hydrostatic mass estimates. Assum-
ing spherical symmetry, in the bottom panel of Figure 2 we
plot the ratio of the pressure from random gas motions gra-
dient (dPrand/dr) to that of the total pressure (dPtot/dr) for
all clusters. For relaxed clusters, the pressure gradient frac-
tion is relatively constant within 0.5r500c and increases slowly
with radius. At r500c, random gas motions contributes to about
4% − 10% of the total pressure gradient. For unrelaxed clus-
ters, the pressure gradient is larger, with a range of 3% to
18%. Differences among relaxed and unrelaxed systems are
more pronounced in the gradient than the pressure itself.
As we showed in § 3.1, the random gas motions are gen-
erally anisotropic. The isotropic pressure from random gas
motions expressed in terms of radial velocity dispersion and
the anisotropy parameter is
Prand = ρgasσ2r
(
1 − 23β
)
. (5)
This means a purely radial pressure from random gas motions
is underestimated by 2β/3 if we assume isotropy. At the scale
of our interest r ∼ r500c where the anisotropy parameter is
nearly zero for both relaxed and unrelaxed samples, the pres-
sure fraction profiles remain very similar to Figure 2 when we
use radial random motions to calculate pressure from random
gas motions.
The relative contributions of the pressure from random gas
motions and its gradient at r500c as a function of cluster mass
M500c are shown in Figure 3, which shows that there is no
statistically significant trend with mass for both. The figure
illustrates again the fact that in relaxed clusters random gas
motions has smaller contribution to the total pressure gradient
compared to the unrelaxed systems. If gas motions is indeed
stirred up by dynamical interactions between haloes, then ran-
dom gas motions should have subsided for relaxed systems
via dissipative relaxation processes.
3.3. Effect of random gas motions on the hydrostatic mass
estimates
In this section we assess the effects of random gas mo-
tions on the hydrostatic mass estimate of galaxy clusters. We
treat the random gas motions using approach similar to treat-
ment of dynamical collisionless system using the the Jeans
Equation (Binney & Tremaine 2008). The mass of the cluster
within a radius r can be split into separate components corre-
sponding to different terms of the Jeans equation:
Mtot(< r) = Mth + Mrand + Mrot + Mstream + Mcross. (6)
The support from thermal pressure of the ICM (the HSE mass)
is
Mth(< r) = −r
2
Gρgas
dPth
dr ; (7)
FIG. 3.— Top: Plot of pressure from random gas motions fraction at
r500c versus cluster mass within r500c. Bottom: Plot of fraction of pressure
from random gas motions gradient at r500c versus cluster mass within r500c.
Relaxed clusters are represented by filled circles while unrelaxed clusters are
represented by empty circles.
the support from random gas motions is
Mrand(< r) = −r
2
Gρgas
(
∂(ρgasσ2r )
∂r
)
−
r
G
(
2σ2r −σ2t
)
; (8)
the support from non-random gas rotation is
Mrot(< r) = rv¯
2
t
G
; (9)
the “streaming” term is given by
Mstream(< r) = − rG
(
rv¯r
∂v¯r
∂r
+ v¯θ
∂v¯r
∂θ
+
v¯φ
sinθ
∂v¯r
∂φ
)
; (10)
and the “cross” term
Mcross(< r) = −r2Gρgas
(
1
r
∂(ρgasσ2rθ )
∂θ
+ 1
r sinθ
∂(ρgasσ2rφ)
∂φ
)
−
r
G
(
cosθ
sinθ σ
2
rθ
)
. (11)
The last two mass terms are much smaller than the other terms
and can in principle be neglected, but we include them in
the actual computation for completeness. Note that spherical
symmetry for the gravitational potential and steady state are
assumed in deriving the expression for mass from the Jeans
equation, and all the physical quantities at a given radius are
averages over a radial shell.
Figure 4 compares the true and estimated averaged mass
profiles normalized by M500c for relaxed and unrelaxed clus-
ters. The comparison shows that the HSE mass profile Mther
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FIG. 4.— Averaged mass profiles M(< r) normalized by M500c, for relaxed
clusters (top) and unrelaxed clusters (bottom). The solid line shows the actual
mass profile from simulation, the long dashed line shows the mass profile
from hydrostatic equilibrium including random gas and thermal pressure, and
the short dashed line shows the mass profile from hydrostatic equilibrium
including thermal pressure only. Hashed region shows the 1-σ error of the
mean.
(short-dashed line) underestimates the true mass profile mea-
sured directly in simulations (solid line). The mass profile
from the full mass expression with both thermal and gas mo-
tion support (long-dashed line) recovers the true cluster mass
profiles quite well for relaxed clusters. For unrelaxed clusters,
the non-thermal terms recover the true mass well within r500c,
but overestimates the true mass beyond r500c, because the as-
sumptions of spherical symmetry does not hold true at large
radii in most unrelaxed clusters.
Figure 5 shows the relative contribution of mass terms
Mth, Mrand and Mrot. For both relaxed and unrelaxed sam-
ples, the thermal component dominates the pressure support
(∼ 80 − 90% at r500c). The support due to gas motions in the
unrelaxed sample is higher than that of the relaxed one. For
both samples, the rotational term is greater than the random
gas term in the inner region (r < 0.6r500c for relaxed sample
and r < 0.2r500c for unrelaxed sample), and decreases with
radius. The random gas term on the other hand increases
with radius, and accounts for most of the non-thermal gas
support beyond r500c. This generally agrees with the findings
of Fang et al. (2009) which use the same set of clusters, de-
spite our assumption of spherical symmetry which they do not
adopt.
The biases in the hydrostatic mass estimate at r500c as a
function of cluster mass are shown in Figure 6. The bias
(∆M/M) is defined as a fractional difference between the es-
timated mass (Mest) and the true mass (Mtrue) measured di-
FIG. 5.— Averaged mass fraction of various pressure contributions for re-
laxed clusters (top) and unrelaxed clusters (bottom). The solid line shows the
contribution from thermal pressure, the long dashed line shows the contribu-
tion from pressure from random gas motions, and the short dashed line shows
the contribution from rotational support. Hashed region shows the 1-σ error
of the mean.
rectly in the simulations. Following Nagai et al. (2007b), the
biases are computed in two ways for each cluster. First, both
Mest and Mtrue are measured in the same physical region en-
closed within “true” radii (rtrue) measured directly in simula-
tions. The bias computed this way is indicated with circles.
In practice, additional biases in the estimated masses (Mest)
could arise from a bias in the estimation of a cluster virial ra-
dius. Therefore, we also compute the bias in the estimated
hydrostatic mass, Mest(< rest), enclosed within the estimated
virial radius, rest, indicated with triangles. Both bias values
are listed in Table 2 at z = 0 and z = 0.6. For relaxed clus-
ters, we find that the hydrostatic mass at r500c is biased low
by 7% and 11% at z = 0 and 0.6, respectively. The bias is
smaller if the hydrostatic mass is measured in the inner region
of clusters (e.g., r2500c). Both bias and scatter are larger for
unrelaxed systems. We find no apparent trend of the bias with
cluster mass.
Note that the biases in hydrostatic mass reported in this
work are smaller than the values reported in Nagai et al.
(2007b) based on analyses of mock Chandra observations.
Although these values are consistent within 1-sigma, we find
systematic deviations in the mean. For the relaxed clusters
at z = 0, the bias at r = r500c is 7% which is smaller than
13% reported in Nagai et al. (2007b). Figure 8 illustrates that
the distribution of the HSE mass in Nagai et al. (2007b) is
skewed towards more negative bias relative to the results of
the present work. The offset is smaller in the inner regions
(∼ 1% at r = r2500c). The main difference is that biases re-
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BIAS IN THE HYDROSTATIC MASS ESTIMATE OF CLUSTERS
Sample Bias ± Error (1σ) ‡
redshift radial range (number of clusters) ∆M(< rtrue)/M ∆M(< rest)/M
all (16) -0.077±0.022 -0.113±0.033
z = 0 < r2500c relaxed (6) -0.061±0.023 -0.080±0.031
unrelaxed (10) -0.086±0.032 -0.133±0.049
all (16) -0.094±0.040 -0.131±0.062
z = 0 < r500c relaxed (6) -0.074±0.022 -0.112±0.038
unrelaxed (10) -0.106±0.064 -0.142±0.098
all (16) -0.066±0.023 -0.074±0.041
z = 0.6 < r2500c relaxed (6) -0.042±0.027 -0.044±0.052
unrelaxed (10) -0.081±0.034 -0.093±0.059
all (16) -0.116±0.029 -0.200±0.045
z = 0.6 < r500c relaxed (6) -0.111±0.027 -0.154±0.039
unrelaxed (10) -0.119±0.044 -0.227±0.068
‡The scatter can be obtained from multiplying the error by
√
N − 1 where N
is the number of clusters.
FIG. 6.— Fractional differences between the true mass and the HSE es-
timated mass, ∆M/M ≡ (Mest − Mtrue)/Mtrue, as a function of cluster mass
M500c. The circles and triangles show the hydrostatic mass evaluated at the
true and estimated r500c, respectively. The solid and open symbols indicate
relaxed and unrelaxed clusters.
ported in Nagai et al. (2007b) were determined in the analyses
of the mock Chandra data using analysis procedures similar to
those used in observations, while the present analysis uses the
3D profiles of gas density and temperature measured directly
from raw simulation data. We find that the difference in the
inferred bias is primarily due to differences in the tempera-
ture profiles slope derived from the mock Chandra analyses
in Nagai et al. (2007b) and the 3D mass-weighted tempera-
ture profiles directly measured from simulations.
3.4. Effect on Concentration Parameters of Galaxy Clusters
As seen from Figure 4, the bias in the HSE mass increases
with radius, indicating that the contribution of the random gas
pressure increases toward cluster outskirts. This results in
the total density profile that is steeper than the true density
profile and hence an overestimate of concentration parameter
c500 ≡ r500c/rs if the derived density profiles of clusters are
FIG. 7.— Distributions of the HSE mass bias, ∆M/M ≡ (Mest −
Mtrue)/Mtrue, for a sample of 6 relaxed clusters at z=0. The solid line shows
the distribution where the HSE mass is calculated directly from the gas ther-
mal pressure and density profiles. The shaded area shows the distribution
where the HSE mass is derived from mock Chandra analyses of simulated
clusters in Nagai et al. (2007b).
fitted with the NFW profile (Navarro et al. 1996). Figure 8
shows the bias in the concentration parameters for our sim-
ulated clusters. The concentrations were estimated by fitting
the NFW profile to the derived total density profile over ra-
dial range6 0.1 ≤ r/r500c ≤ 1.0. We find that the estimated
concentration parameter based on the HSE assumption is bi-
ased high on average by about (23± 10)% for relaxed sys-
tems and (47± 21)% for unrelaxed systems. The scatter is
(23± 5)% and (41± 12)% for relaxed and unrelaxed systems
respectively.
Given that the bias in the total mass profile we find from the
idealized analysis of the 3D cluster profiles is lower than the
bias derived from the analyses of mock Chandra data from the
same simulation (see discussion in the previous section), we
can expect that the bias in concentrations may also be some-
what larger for the mock data analysis. Therefore we have
fitted NFW concentrations to the total density profiles in the
same radial range as above derived from mock X-ray data for
relaxed clusters used in Nagai et al. (2007b). The concentra-
tion parameters in this case tend to be overestimated by about
a factor of two. One particular problem we encountered with
fits to some of the systems was that errors in estimates of con-
centrations can become catastrophic if the NFW scale radius
of the fit was smaller than the minimum radius of the radial
range used in the fit (which corresponds to concentration val-
ues of > 10 for our choice of the radial range).
The upward bias of the concentrations estimated from the
HSE-derived density profiles due to gas motions can help ex-
plain the surprisingly high values of concentrations measured
in some of the recent X-ray analyses (Maughan et al. 2007;
Buote et al. 2007). In particular, Buote et al. (2007) found
that for a given mass concentrations derived for groups and
6 The lower limit on the radius is chosen not to include the region of the
profile significantly affected by the dark matter contraction in response to
baryon condensation (Gnedin et al. 2004), while the outer radius corresponds
to the largest radius to which the density profile is determined reliably from
current X-ray data.
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FIG. 8.— Fractional difference of concentration c500 derived from the fit to
the true total density profiles of clusters and to the HSE-derived density pro-
files in the simulations with cooling for relaxed (filled circles) and unrelaxed
(open circles) clusters.
clusters from HSE X-ray analysis are somewhat higher than
expected in the standard ΛCDM model with σ8 ≈ 0.7 − 0.8.
The bias due to gas motions can explain part of this differ-
ence.7 As noted by Fang et al. (2009), the actual values of
concentration bias may be affected by the overcooling prob-
lem of cluster simulations. However, the existence and sign
of the bias are generic. In particular, as we show in the next
section, qualitatively similar bias is obtained from the simula-
tions of our cluster sample in non-radiative regime.
4. EFFECTS OF COOLING ON THE MASS AND CONCENTRATION
BIASES
Given that the cosmological simulations suffer from the
“overcooling problem” – a too high a fraction of cooled, con-
densed gas produced in simulations compared to observations
(e.g., see Fig. 2 in Kravtsov et al. 2009) – it is reasonable to
ask whether the results we presented in the previous sections
are affected by it. Fang et al. (2009) have independently an-
alyzed the same set of simulations we use here and argued
that much of the non-thermal pressure support in the simu-
lations with cooling is due to rotation of gas in the inner re-
gions (r . 0.5rvir), which should not be trusted because ro-
tation is overestimated due to the overestimated amount of
cooling gas.
Figure 9 shows the mass profiles for relaxed clusters in non-
radiative re-simulations of the 16 clusters used in our analy-
sis and contributions to the total mass from thermal pressure
and rotation and random gas gas motions. The figure shows
that while the relative contribution of rotational velocity in
these simulations is lower in non-radiative simulations, the
total contribution of gas motions to the HSE reconstruction
of the mass profile is similar to that of the simulations with
cooling. Given similar degree of gas motions, albeit with a
different contributions from rotation and random components
in the inner regions, the HSE-derived mass profile is conse-
quently also biased low for non-radiative simulations and the
7 Simulations also predict that condensation of baryons and their conver-
sion into stars should also increase concentrations compared to the purely
dissipationless simulations (Rudd et al. 2008), which are used to make pre-
dictions for the concentration–mass relation in a given cosmology.
FIG. 9.— Top panel: the mass profiles (top) for relaxed clusters in the
non-radiative re-simulations of clusters used in our analysis; bottom panel:
contribution of thermal pressure, rotational and random gas motions to the
total mass profile for the clusters in the upper panel. The notation is the same
as Figure 4 and Figure 5.
FIG. 10.— Fractional difference of concentrations c500c derived from the
true total density profile and the HSE-derived density profiles for the non-
radiative re-simulations of our clusters. The filled circles represent relaxed
clusters and the open circles represent unrelaxed clusters. As in the runs with
cooling, the concentrations of the relaxed clusters tend to be biased high due
to the bias in total mass, which increases with cluster-centric radius.
9mass bias at r500c is similar to that in the simulations with
cooling.
In addition, the figure shows that the bias in the mass es-
timate also increases with cluster-centric radius in this case,
which means that we can expect bias in the HSE-derived con-
centrations for the total density profile. Indeed, Figure 10
shows that the concentration bias is qualitatively similar in
non-radiative simulations to that in runs with cooling: five
out of six relaxed clusters have cHSE500c biased high on average
by ≈ 10 − 20% with concentration catastrophically overesti-
mated in one of the clusters (compare this figure to Fig. 8).
The results presented in this section clearly show that conclu-
sions of this study with regard to the bias in the HSE-derived
total mass profile and NFW concentrations are general and
are not determined by the unrealistic cooling of the gas in the
dissipative simulations.
5. DISCUSSION AND CONCLUSIONS
We presented analysis of gas motions in the ICM using
high-resolution adaptive mesh refinement cosmological sim-
ulations of a sample of sixteen galaxy clusters spanning the
virial mass range of 5×1013 − 2×1015 h−1 M⊙. Our study fo-
cuses on the effects of residual gas motions on the estimates
of the total mass profiles of clusters from the hydrostatic equi-
librium analysis. We analyze systems that appear morpholog-
ically relaxed and unrelaxed in mock Chandra X-ray images
separately to study the effects of dynamical state of clusters
on the resulting HSE mass profile.
In broad agreement with previous studies (Evrard 1990;
Frenk et al. 1999; Rasia et al. 2004; Faltenbacher et al. 2005;
Rasia et al. 2006; Nagai et al. 2007b; Piffaretti & Valdarnini
2008; Jeltema et al. 2008; Iapichino & Niemeyer 2008), we
find that gas motions contribute up to≈ 5%−15% of the pres-
sure support in relaxed clusters, which leads to underestimate
of the total virial mass in the HSE analysis accounting only
for the thermal pressure. We have used re-simulations of one
of the clusters with different maximum levels of refinement
and find that the magnitude of the pressure support due to gas
motions at the considered radii has converged.
On average, the hydrostatic cluster mass estimate is biased
low by about 6± 2% at r = r2500c and 8± 2% at r = r500c for
relaxed systems, while the biases in unrelaxed clusters are
about 9± 3% and 11± 6% at these radii, respectively. We
have tested that our results are not affected by resolution by
analyzing re-simulations of one of the clusters with different
spatial resolution. The magnitude of the effect is consistent
with the recent observational evidence of a similar bias based
on comparison of the HSE and weak lensing derived masses
(Mahdavi et al. 2008).
We observe that the average Mach number of the ICM gas
motions is rather smallM∼ 0.4 for unrelaxed clusters, which
implies that gas motions are generally subsonic and thus do
not dissipate via shocks. This means that it may take sub-
stantial amount of time to thermalize these motions fully, and
that the time will depend largely on the physical viscosity
of the gas. Incomplete thermalization in unrelaxed clusters
leads to a lower measured X-ray temperature TX that might
bias the M − TX scaling relation with a higher normalization
(e.g., Mathiesen & Evrard 2001). On the other hand, under-
estimating the cluster mass from the hydrostatic equilibrium
analysis would bias the M − TX relation to lower masses at a
given temperature. This issue can potentially be resolved by
comparing the HSE-derived masses to cluster masses derived
from weak lensing surveys (Mahdavi et al. 2008; Zhang et al.
2008; Vikhlinin et al. 2009a).
The bias in the total mass profile increases with increasing
cluster-centric radius radius which results in the HSE-derived
total density profile that is more concentrated that the true pro-
file. The best fit NFW concentrations fit to the HSE-derived
profile therefore results in concentration values generally bi-
ased high compared to the corresponding fits to the true den-
sity profiles. In particular, we find that the concentration pa-
rameters, c500 ≡ r500c/rs, based on the HSE mass profile, is
biased high on average by about ∼ 24%. This bias would
have to be taken into account for observational studies of
the concentration-mass (c − M) relation based on the HSE as-
sumption (Maughan et al. 2007; Buote et al. 2007). We show
that a similar bias exist in re-simulations of the same clusters
in the non-radiative regime. Our conclusions therefore are
general and are not due to the overcooling in the dissipative
simulations, as was claimed by Fang et al. (2009).
We demonstrate that the mass profile within r500c can be
recovered well if the pressure support due to gas motions is
explicitly taken into account. On the other hand, the recovery
is not as good beyond r500c, with the deviation from the true
mass profiles depending on the cluster dynamical state and
configuration of mergers. There are some uncertainties in our
analysis due to limitations of our simulations. Although we
show that adding gas motion support recovers the mass of a
relaxed cluster accurately, we have not considered other po-
tential sources of non-thermal pressure support, such as cos-
mic rays and magnetic fields, that can also bias the hydrostatic
mass measurement. These effects have to be considered sepa-
rately. Note that the effect of gas motions generally increases
with increasing radius simply because clusters are less relaxed
at larger radii. The effects of other sources of non-thermal
pressure support can have different radial dependence and fu-
ture observations may potentially exploit such differences to
differentiate among them.
In addition, real gas motions in the ICM plasma may also
be different from the motions in our simulated clusters due
to a different physical viscosity of the intracluster gas com-
pared to simulations. Given that higher viscosity would tend
to damp the gas motions faster, the estimates of their ef-
fects presented here provide an upper limit to the random gas
pressure of the ICM. Simulations exploring reasonable sce-
narios for magneto-hydrodynamics effects, effects of AGN
feedback, and cosmic rays injection and evolution should pro-
vide some guidance as to the radial dependence of contribu-
tions from magnetic fields and cosmic rays, as non-thermal
sources of pressure support (e.g., Subramanian et al. 2006;
Pfrommer et al. 2007; Sijacki et al. 2008).
Interestingly, we do not detect a strong dependence of the
mass bias with cluster mass, which means that the bias would
affect the normalization of the mass observable relations but
not its slope. However, the sample of simulated clusters is
rather small. Jeltema et al. (2008) use a considerably larger
sample of simulated clusters and do detect a weak trend of the
HSE mass bias with cluster mass. In addition, Jeltema et al.
(2008) show that it is important to use quantitative measures
of the dynamical state of the clusters rather than the visual
classification of the mock X-ray images, as was done in our
analysis (note, however, that we follow the standard practice
of such classification in observational X-ray analyses). In
agreement with Jeltema et al. (2008), our own analysis shows
that often clusters that appear morphologically relaxed along
one projection, would not be classified as relaxed along other
projections (the reverse is also true, as clusters that are in-
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trinsically relaxed may seem unrelaxed in projection due to
projecting groups and clusters along the line of sight).
Observationally, little is known about gas motions in clus-
ters except that in many systems there are indirect indications
of bulk gas motions associated with mergers and motions
of the central cluster galaxies (see Markevitch & Vikhlinin
2007, for a review). Schuecker et al. (2004) presented evi-
dence for possible random gas motions in the Coma cluster
via fluctuations in the pressure map. It is not yet clear, how-
ever, whether this interpretation is unique and whether the re-
sults are generic for other clusters. The most direct way of
measuring gas motions would be to measure broadening of
line profiles of heavy ions in radio (Syunyaev & Churazov
1984) or in X-rays (Inogamov & Sunyaev 2003). In radio
wavelengths this requires very deep observations to detect the
lines in emission or sensitive observations against bright ra-
dio sources in clusters to detect the lines in absorption (D.
Marrone, priv. communication). Observations of the lines in
X-rays require sensitive high resolution X-ray spectrometer,
which have not yet been available, but may become possi-
ble with the launch of the ASTRO-H satellite8. A combina-
tion of constraints from mass measurements via gravitational
lensing, possible future direct measurements of gas motions,
and improved modeling of the ICM physics is thus the way to
make progress in our understanding of the mass measurement
biases discussed in this paper.
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